Purpose of Review To review the diagnosis and treatment of prosthetic joint infection (PJI) with a focus on two-stage revision arthroplasty. The text will discuss different spacer constructs in total knee and total hip arthroplasty and will present clinical outcome data for these various options. Recent Findings There is no appreciable difference in infection eradication between mobile and static antibiotic spacers. Mobile spacers have shown improved knee range of motion after second-stage re-implantation. Summary Two-stage revision arthroplasty is the gold standard treatment for PJI. The first stage involves removal of all components, cement, and compromised soft tissues with placement of an antibiotic-impregnated spacer. Spacer options include both mobile and static spacers. Mobile spacers offer maintenance of ambulation and joint range of motion between staged procedures and have shown to be as effective in eradicating infection as static spacers.
Introduction
Adult hip and knee reconstruction offers patients with end-stage degenerative joint disease an improvement in health-related quality of life [1] . Total knee arthroplasty (TKA) and total hip arthroplasty (THA) have been shown to be well-tolerated surgical procedures that serve to reduce pain and improve functional status. This success has led to expanding indications to younger and more active patients. The increase in primary adult arthroplasty and time burden being placed on implants has led to a rise in revision surgery. Kurtz et al. predicted that by 2030, there will be around 96,000 revision total hip arthroplasties and over 260,000 revision total knee arthroplasties conducted in the USA [2] . Revision surgery is associated with higher cost, mortality, and complication rates compared to primary surgery [3, 4] . This chapter will cover prosthetic joint infection (PJI) as a reason for revision, with a focus on two-stage revision for chronic infection.
Diagnosis
Patients presenting with a painful or unstable total hip or knee arthroplasty should undergo a detailed history and physical exam. Pain is the most common complaint leading to revision; therefore, a detailed assessment of the timing and onset, character, severity, location, alleviating and exacerbating factors, and temporal nature of the pain should be documented. Other components of the history that should be elucidated are any history of traumatic events, recent illnesses, or fever indicating infection and any instability events or dislocations. Patients with a painful arthroplasty must always be evaluated for PJI. Laboratory evaluation with white blood cell count (WBC), C-reactive protein (CRP), and erythrocyte sedimentation rate (ESR) should be obtained. Elevated serum inflammatory markers should prompt preoperative aspiration with evaluation of WBC, aerobic, and anaerobic culture. Plain radiographs should be evaluated for component position, evidence of polyethylene wear or osteolysis and, importantly in the case of PJI, signs of component loosening.
Infection and septic failure are a devastating complication following primary THA. There is a 1-2% risk of infection following primary THA and the risk can be as high as 17% following revision THA [5] [6] [7] . PJI is divided into either acute (< 90 days from index surgery or onset of symptoms) or chronic (> 90 days) [8•] . The definition of PJI has been divided into major and minor criteria, with the presence of either one major criteria or three minor criteria constituting PJI [8•] . Major criteria are the presence of a sinus tract communicating with the prosthesis or a positive culture from two or more separate tissue or fluid samples [8•, 9] . Minor criteria include elevated ESR and CRP; elevated synovial leukocyte count; elevated leukocyte neutrophil percentage (PMN %); isolation of a microorganism in one culture of tissue or fluid; and > 5 neutrophils per high-power field in 5 high-power fields [8•] . The utility of ESR is limited in acute infection. In chronic infections, a threshold of > 30 mm/h is considered elevated. CRP thresholds differ in the detection of acute (> 100 mg/L) and chronic (> 10 mg/L) PJI [8•, 10] .
Proper cell count thresholds as a predictor of acute and chronic infection are controversial. Various authors have recommended threshold values from 1000 to 4000 cells/ μL [11] [12] [13] [14] [15] and PMN% from 64 to 80% [12, 15] for chronic infection, although published consensus statements and recent data suggest using a threshold of 3000 WBC with 80% segmental neutrophils as criteria suspicious for chronic PJI [8•, 9, 16••] . In the acute post-operative period, a cell count of 27,800 cells/μL provides a positive predictive value of 94% and a negative predictive value of 98%. PMN% less than 89% and a CRP less than 95 mg/L are indicative of a low likelihood of infection [10] . It is important for clinicians to keep in mind that PJI may be present even if these criteria are not met, and in certain cases of low-grade infections (i.e., Propionobacterium Acnes), several of these criteria may not be met. In addition, it has been shown that 2 to 18% of periprosthetic joint infections are culture negative [17] .
Treatment Considerations
Accurate and timely diagnosis of PJI is essential for proper management. Once the diagnosis of PJI is made, several factors must be taken into consideration when determining treatment options: the duration of symptoms; patient medical comorbidities; history of PJI in the current or other joints; status of the wound; functional expectations; and characteristics of the isolated organism [17] .
There is a paucity of literature for treatment solely with antibiotics; however, in patients who would be poor surgical candidates because of their state of health and have a lowvirulence organism susceptible to antimicrobial agents, antibiotic suppression may be the only option for treatment. Chronic antibiotic suppression is often indicated and has shown to be moderately successful in patients with persistent PJI after proper surgical debridement and/or revision if they cannot tolerate further surgical procedures [17] [18] [19] [20] [21] .
In patients with acute onset of symptoms (less than 3-4 weeks), a well-fixed and aligned prosthesis and an antibiotic-susceptible organism, irrigation, and debridement with retention of implants are an acceptable surgical option. Successful eradication with this treatment has been reported at a rate of 71% for all organisms [22] , although eradication results of methicillin-resistant Staphyloccocus aureus (MRSA) have been shown to be poor [23, 24] . Additionally, failure rate of a two-stage revision following a failed irrigation and debridement has been reported as high as 34% [25] .
In patients who do not meet the above criteria, prosthesis resection is required.
This leaves the provider with three basic options: resection arthroplasty, single-stage revision, and two-stage revision. Resection arthroplasty is successful at removing the infection [26] [27] [28] ; however, functional outcomes are improved with reimplantation of a prosthesis [29] . Below, we review the literature surrounding two-stage revision.
Two-Stage Revision
Two-stage revision is considered the gold standard of treatment. Insall et al. [30] first described the technique in 1983. Garvin and Hanssen [31] conducted a review of 25 studies in 1995 showing an 82% success rate of two-stage revision compared to 58% with one-stage revision. Numerous studies have reported that two-stage revision with use of antibiotic spacers can result in infection eradication rates as high as 95% [32] [33] [34] [35] [36] , although a recent study by Ford et al. [37•] reported only a 72% success rate in 66 patients. In most circumstances, this involves resection of the prosthesis with or without placement of an antibiotic spacer, antibiotic treatment, following the patient's response to treatment and re-implantation of a new prosthesis. The first-stage procedure involves thorough debridement of all lingering sources of infection within the joint cavity. This includes all components used in the index procedure, cement, and inflamed tissue within the joint. Antibiotic-impregnated cement is then used to create the spacer of choice to deliver local antibiotics and is used in conjunction with systemic antibiotics to target any isolated organisms.
It is important to think about the type of antibiotic used in a spacer. Desirable characteristics include its availability in powder form, wide antibacterical spectrum, elution from bone cement in high concentrations, thermal stability, and low influence on the mechanical properties of the cement. Typically, vancomycin and aminoglycosides are used as they exhibit these properties. It is recommended that at 3.6 g of antibiotic be present per 40 g batch of cement [32, 38] .
It is also important to recognize that many patients may have a culture-negative PJI, where an organism cannot be isolated. This has been reported in up to 18% of cases [17] . It is imperative in these cases to work closely with an infectious disease specialist to determine an appropriate antibiotic plan.
Component-exchange has been widely reported on with or without a spacer construct [39] , varying types of spacers [40] [41] [42] , periods of immobilization and timing of re-implantation. The advocates of spacing devices argue that the softtissue envelope is better preserved at the time of re-implantation. Those in favor static spacers argue that joint immobilization complies better with the principle of resting the joint as part of treating the infection. Those that prefer an articulating spacer argue that movement is regained more reliably after reimplantation of the final components [43] .
Types of Spacers in Total Knee Arthroplasty

Static Spacers
Common indications for use of a static spacers are in patients with severe uncontrolled infections, ligamentous laxity, extensor mechanism disruption or insufficiency, compromised soft tissue coverage over the joint, or severe bone loss after prosthesis explant [32] . Major advantages of static spacers include providing sufficient rest for very inflamed and congested tissues around the infected joint and significant cost reduction compared to articulating spacers [44] . Advocates of static spacers suggest an improved infection eradication rate due to soft tissue immobilization. Fehring et al. [40] compared 25 patients with static spacers versus 30 patients with articulating spacers. Three patients with static spacers and one patient with an articulating spacer became re-infected. Emerson et al. [45] observed similar results with 2 of 26 patients with static spacers becoming re-infected versus 2 of 22 patients with static spacers (7.7 vs 9.1%; p = 0.8). A systematic review by Voleti et al. [46••] reported on level III and IV studies totaling 1526 patients. They found no significant difference in reinfection rate (12% for static spacers and 8% for articulating spacers; p = 0.2).
However, there are several disadvantages to static spacers that have been suggested. Studies have reported poor limb mobility with static spacers following secondstage re-implantation compared to articulating spacers [33, 38, 44] . Unexpected bone loss attributable to spacer migration has also been reported. Fehring et al. [40] reported that 15 of 25 patients treated with a static spacer had additional bone loss in between procedures, while 0 of 30 patients treated with an articulating spacers had additional bone loss. The use of static spacers can also make exposure difficult during the second-stage procedure due to ligamentous and quadriceps shortening [40] .
Articulating Spacers
The main advantage of using articulating spacers is that they allow motion of the affected joint in between procedures. This helps to facilitate recovery of limb function while the infection is being treated. Ambulation in between procedures helps maintain the length and elasticity of the extensor mechanism. This also serves to prevent soft tissue scarring around the affected joint, quadriceps shortening, and capsular stiffening and contracture [32, 44, 47] . This subsequently reduces the extent of surgical exposure required and reduces the overall difficulty of second-stage revision [32, 48, 49] .
This maintained motion after first-stage procedure is thought to improve ultimate range of motion (ROM) of the joint following second-stage re-implantation. Emerson et al. [45] reported significantly better ROM after second-stage procedure with articulating spacers over static spacers (average ROM 107.8 vs 93.7 degrees). Voleti et al. [46••] reported similar findings in a systematic review, with significantly greater range of motion after re-implantation (101 vs 91°; p = 0.0002). However, when looking at functional scores, there was no difference between the two types of spacers.
Several different versions of articulating interfaces are available and have been described: cement-on-cement ( Fig. 1) , cement-on-polyethylene, and metal-onpolyethylene (Fig. 2) .
Cement-on-Cement
Mobile spacers with all-cement femoral and tibial components demonstrated ability to eradicate infections similar to that of static spacers [38] . These spacers are usually fabricated by the surgeon, although pre-fabricated models are available. Durbhakula et al. [41] reported on 24 patients with infected knee prostheses at an average follow-up of 33 months. The authors used custom molded femoral and tibial components impregnated with 2.4 g tobramycin and 1.0 g vancomycin. There were no cases of re-infection and ROM at final follow-up with 104°. Ha et al. [50] also reported no cases of re-infection when using articulating spacers formed with molds created from the re-sterilized removed components. ROM at final follow-up was 100°.
There are commercial pre-fabricated spacers available in the USA. The InterSpace Knee temporary knee spacer (Exactech, Gainesville, FL) is available in three sizes with gentamycin doses ranging from 0.8 g to 1.7 g, which is significantly lower than the suggested dose of 3.6 g antibiotic per 40 g of bone cement [32, 38] . The Spacer-K (Tecres, Sommacampagna, Italy) is also available. This spacer comes in four sizes ranging from 60 to 90 mm tibial plateau dimensions. Pitto et al. [51] reported no re-infections in 21 patients when using this device.
Cement-on-Polyethylene
In a study of 28 patients, Evans [52] impregnated each 40 g batch of Palacos R cement (Zimmer, Warsaw, IN) with 4.8 g tobramycin and 4.0 g vancomycin. An all-cement femoral component was either handmade on the back table or was made using a disposable mold. Following placement of the femoral component, a stemmed, all-polyethylene posteriorstabilized tibial component was coated with antibiotic cement and implanted. Two patients became reinfected with the same organism (7%) and five developed new infections (18%). To the author's knowledge, this is the only report on this type of spacer, and more investigation is needed to determine its efficacy.
Metal-on-Polyethylene
Metal-on-polyethylene interface used in articulating spacers was first described in 1995 by Hoffman et al. [53] . This technique involved sterilization and re-implantation of the original femoral component, fixed with antibiotic cement impregnated with 4.8 g tobramycin per 40 g batch of Simplex P (Stryker, Mahwah, NJ) cement. A new polyethylene component was then cemented onto the tibia. Zero of the 26 patients became re-infected. Average ROM was 106°at a mean follow-up of 30 months. Other authors have reported similar results after re-implanting a sterilized femoral component. PIetsch et al. [54] used a similar technique with 1 g clindamycin and 2 g vancomycin per 40 g Palacos R cement. They reported that 3 of 33 (9%) patients became re-infected. Cuckler [55] reported that 1 of 44 patients became re-infected after using metal-onpolyethylene articulating spacers. Jamsen et al. [56] compared spacers using the Hofmann technique with hand-molded, allcement articulating spacers. Second-stage procedures were significantly shorter (average 185 vs 247 min; p = 0.008) and had significantly less blood loss (median 425 vs 1500 mL; p = 0.008). A higher proportion of patients treated with the Hofmann method had good or excellent Knee Society Scores. Another technique involves using the prosthesis of antibiotic-loaded acrylic cement (PROSTALAC) (Depuy, Warsaw, IN). This system includes a stainless steel femoral component that articulates with a posterior-stabilized polyethylene tibial component. Haddad et al. [57] found no evidence of infection in 41 of 44 (91%) patients using this device.
Types of Spacers in Total Hip Arthroplasty
Static Spacers
Technically speaking, there is no true static spacer that prevents motion at the hip. Static spacers often involve placing a large ball or beads of antibiotic cement into the acetabulum and either beads or antibiotic cement-covered rod into the femoral canal [58, 59] . Patients are often allowed to partial weight bear and conduct range of motion exercises with this type of construct. Hsieh et al. [58] reported on 128 patients and compared the use of antibiotic-loaded cement beads with a custom-molded mobile spacer. They found similar rates of infection control; however, the use of a mobile spacer was associated with shorter surgical time and hospital stay for first-stage procedures and reduced blood loss and transfusion requirements during second-stage re-implantation. They also found improved interim hip function when using a mobile spacer, with 49 of 56 patients (88%) able to walk compared to 12 of 63 (19%) in the cement bead group.
Mobile Spacers
Mobile hip spacers are those that create an articulation between the femur and the acetabulum, as opposed to the disconnected nature of static spacers. Handmade, custommolded, and pre-fabricated spacers have been described [52, [60] [61] [62] [63] [64] [65] [66] . This type of construct should not be used in patients with insufficient acetabular bone stock or pelvic discontinuity. Jacobs et al. [38] reported rates of complications after compiling studies of static and mobile spacers. They reported a similar rate of recurrent infection between static (4%) and mobile (6%) spacers. One complication exclusive to mobile spacers is dislocation, with a rate of 7%, while there were no dislocations when using static spacers given their inherent design. There were also no fractures of static spacers, while 2% of mobile spacers suffered a fracture.
Handmade
Significant advantages of handmade spacers are that the surgeon can conform the spacer for each patient and they are relatively low cost. Spacers are shaped like a hemiarthroplasty and can be reinforced with Kirschner wires or rush pins interiorly. This functions to increase fracture resistance and helps with ease of removal during second-stage procedures [63, 67] . This technique places hones upon the surgeon to create a wellbalanced construct that will be resistant to failure. Certain aspects of spacer design that can lead to dislocation include a small head-neck ratio and insufficient depth of seating into the acetabulum. Creating spacers that are 2-3 mm smaller than the size of the acetabulum will allow for proper seating and can help reduce dislocation rates [38] .
Custom-Molded/Prefabricated
Custom-molded and prefabricated spacers are similar in that they are created to resemble a hemiarthroplasty; however, they contain a metal endoskeleton [60, 62, 65, 66, 68] . These spacer constructs result in more consistent spacer designs and are not as reliant on the surgeon to create the geometry of the spacer. The disadvantage of these spacers is that they are only available in limited sizes, which if mismatched can increase the risk of dislocation [60] . A significant disadvantage of some prefabricated spacers is the relatively low doses of incorporated antibiotics. Magnan et al. [66] reported that 2 of 10 hips treated with the Spacer-G (Exactech) prefabricated spacer were not re-implanted due to unacceptable inflammatory marker levels. Bertazzoni Minelli et al. [61] described drilling holes into prefabricated spacers and placing vancomycinimpregnated cement into these voids in order to increase the dose of antibiotics within the construct. Despite this, 3 of 20 of their patients were not re-implanted due to persistent infection. Of the patients who were re-implanted in these studies, none of them became re-infected.
Metal-on-Polyethylene
Several techniques for constructing mobile spacers with metal-on-polyethylene articulations have been described. Hofman et al. [69] described a technique in which the original femoral stem was sterilized and re-implanted with antibiotic cement. Evans [52] described a similar technique; however, a new femoral implant was used. Evans reported dislocations in four patients who were implanted with a non-constrained liner, while 0 of 19 patients treated with a constrained liner sustained a dislocation. The PROSTALAC system (Fig. 3) features a constrained polyethylene liner with a cemented femoral component [70] . Wentworth et al. [71] reported a success rate of 82.6% in 135 patients treated with the PROSTALAC device, with only 5 reported dislocations or subluxations after first-stage surgery. The author's preference is to use a constrained liner when implanting a metal-onpolyethylene hip spacer.
Interim Management and Second-Stage Re-implantation
Once first-stage explant and placement of the appropriate antibiotic spacer is complete, the patient must be managed with appropriate antibiotics and their clinical course followed in order to properly time second-stage re-implantation. The surgeon must be confident that the infection has been eradicated before considering implanting a new definitive device. Patients are typically followed with serial inflammatory markers, joint fluid analysis, and/or frozen section analysis during second-stage operations.
Systemic Antibiotics
During first-stage explant of the infected prosthesis, several culture samples should be taken in order to isolate a causative organism. Following identification of an organism or organisms in addition to analyzing for antibiotic resistance, systemic antibiotics are given for a period of time to target the causative bacteria. Antibiotics are often given for a period of 6 weeks in between procedures, a protocol first described by Insall et al. [30] . After completion of antibiotic therapy, patients are often given a 2-week "antibiotic holiday" and followed clinically to detect any signs of continued infection [72] . There is, however, no consensus on the proper length of antibiotic therapy or holiday. Some authors question the prolonged use of systemic antibiotics given that the blood supply to periarticular tissue may be attenuated in the setting of a revision surgery and long courses of antibiotics increase the likelihood of systemic toxicity and antibiotic resistance [73, 74] .
Hoad-Reddick et al. [75] reported on 38 patients treated with two-stage revision and were given only two doses of systemic antibiotics postoperatively. They used a cementon-cement articulating antibiotic spacer in addition to antibiotic beads to deliver high local concentrations of antibiotics. At mean follow-up of 56.4 months, the authors reported a success rate of 89%. Stockley et al. [76] gave postoperative systemic antibiotics for just 24 h after firststage explant in 114 patients and reported infection eradication in 100 patients (87.7%) at 24 months. Hart and Jones [43] treated 48 patients with a 2-week course of systemic antibiotics. Infection was successfully eradicated in 42 patients (88%). When they did subgroup analysis, 96% of patients who were undergoing two-stage revision for a first-time infection were successful, while the success rate was 78% for patients with multiply operated knees. Whittaker [77] also published a series using a 2-week course of antibiotics with a mobile hip spacer and reported successful infection control in 38 of 41 (92.7%) infected hip prostheses. Hsieh et al. [78] compared a 6-week with a 1-week regimen of antibiotic therapy in chronically infected hips. Infection control success rates were similar for both groups as well as hip scores at final follow-up. The prolonged regimen had a higher rate of patients who develop nephrotoxicity compared to the shorter course as well as higher hospital cost and longer hospital stay.
Laboratory Testing and Joint Fluid Analysis
While patients are undergoing systemic antibiotic therapy, they are followed with serial ESR and CRP levels and are monitored for any clinical signs of infection. Declining levels of ESR and CRP and the absence of clinical signs of infection are often a good indication that second-stage re-implantation is safe. However, definitive cutoff numbers for serologic testing and joint fluid analysis have not been established. Ghanem et al. [79] and Kusuma et al. [80] attempted to use receiver operating characteristic (ROC) curves to determine discriminatory values of ESR and CRP in predicting persistent infection. In patients with recurrent infection, mean ESR and CRP levels were similar to those of patients whose infection was successfully treated. Neither study could determine an accurate cut-off level for either serologic measure. Kusuma et al. [80] did report a significant decline in ESR, CRP, and synovial fluid WBC count and differential between stages, regardless of infection eradication or persistence. Shukla et al. [81] also reported a significant decline in ESR, CRP, and synovial fluid WBC counts between stages regardless of infection status, with an ROC cut-off value of 3528 WBC/μL (78% sensitivity and 96% specificity). This value is similar to a commonly accepted value for the diagnosis of chronic PJI [8•] .
There is conflicting evidence for arthrocentesis with microbial culture before second-stage surgery. Lonner et al. [82] investigated the role of knee aspiration for re-implantation in 34 patients. They found that knee aspiration had a sensitivity and positive predictive value (PPV) of zero, a negative predictive value (NPV) of 75%, and specificity of 92%. In Fig. 3 Anteroposterior radiograph of a PROSTALAC (Depuy-Synthes, Warsaw, IN) hip antibiotic spacer. A constrained polyethylene acetabular cup is fixed to the acetabulum with antibiotic impregnated cement and a prefabricated metal femoral component coated with antibiotic cement is fixed into the femur contrast, Mont et al. [83] reported a sensitivity of 75%, specificity of 100%, a PPV of 100%, and NPV of 97%.
Frozen-section analysis can be performed during secondstage procedures to provide additional information regarding the status of the joint to the surgeon; however, the optimal number of frozen sections and clear cut-off values for number of cells per high-powered fields have yet to be determined. Della Valle et al. [84] used a cut-off of ≥ 10 polymorphonuclear leukocytes (PMNs) per high-powered field in the five most cellular fields as a positive result for persistent infection and found a sensitivity of 25%, specificity of 98%, PPVof 50%, and NPVof 95%. Bori et al. [85] considered a positive value to be ≥ 5 PMNs per higher-powered field in the five most cellular fields and the presence of at least one PMN in 10 cellular fields. They reported a sensitivity of 28.5%, specificity of 100%, PPV of 100%, and NPV of 73.6%. The low sensitivity of these criterion makes it difficult for the surgeon to be confident in ruling out infection in the situation of a negative result.
Summary
Two-stage revision arthroplasty for chronic PJI has been used successfully and is now the gold standard treatment for eradication of infection. The treatment regimen includes a first-stage operation in which all implants, nonviable, and inflamed tissue are removed, cultures are taken and an antibiotic-impregnated cement spacer is placed. The surgeon has many choices of spacer at their disposal including both static and mobile options. Patients are then treated with systemic antibiotics targeted at the isolated organism. The authors' preference is to use a mobile spacer when the patient's bone stock and soft tissues are amenable. In terms of cement, the author's preference is to use PMMA that contains 1 g of Tobramycin (Simplex P, Stryker) and to that 3 g of Vancomycin are added and hand mixed. Classically, a 6-week regimen of systemic antibiotics has been used [30] , and this is the author's preferential length of treatment; however, controversy exists in the literature. There is a paucity of convincing studies to guide an exact cut-off value for ESR, CRP, or synovial WBC count to guide timing of second-stage re-implantation. The author's preferred method is to obtain serial values of ESR and CRP in between stages, including values 2-4 weeks after the completion of antibiotics. As long as there is a down-trend in values and there are no clinical signs of infection, the patients are then considered for re-implantation. During second-stage surgery, frozen-section analysis is obtained. If frozen section analysis is positive (based on the surgeon's preferred criteria), then the first-stage surgery is repeated and a new spacer placed, followed by a repeat course of systemic antibiotics in attempt to clear the infection.
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